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potassium titanyl phosphate with narrow, high-intensity beams
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The second harmonic generation 共SHG兲 tuning curves with temperature and angle of incidence were
measured in periodically poled KTiOPO4 for narrow fundamental beams at intensities typical of
quadratic soliton generation. Mutual self-focusing of the fundamental and harmonic, cascading, and
walk-off for light incidence away from the poling axis drastically distorted the SHG response
curves, in good agreement with theory. © 2003 American Institute of Physics.
关DOI: 10.1063/1.1563302兴

I. INTRODUCTION

sponse by focusing the incident beam roughly in the center
of the sample and by choosing the optimum minimum spot
size has been well-understood for a long time and is the basis
for commercial doubling crystals.7–9
The development of QPM has provided a powerful technique for producing phase matching for parametric processes
like second harmonic generation at virtually any wavelength
just by changing the period of the poling.10,11 Furthermore,
this process usually allows the large diagonal elements of the
nonlinearity tensor in noncentrosymmetric ferroelectric media to be used with propagation along a crystal symmetry
axis. This typically results in noncritical phase-matching
共NCPM兲 with all its attractive features. Copolarized FW and
SH beams are used and the phase mismatch for SHG generated along the appropriate crystal axis. The phase mismatch
now takes the form ⌬  ⫽ 关 2k 1 ⫺k 2 ⫹2  m/⌳ 兴 L⫽2  关 n 1
⫺n 2 ⫹  mc/⌳  兴 L/c where ⌳ is the period of the poling
and m is the mth harmonic grating wave vector.11 Note that
off-axis propagation leads to ‘‘walk-off’’ of the FW from the
SH that occurs at an angle  given by sin ⫽sin /k2 (
⫽2/⌳) for internal incidence angle  from the X axis.11 The
distortion in the SHG tuning curves near phase match for
narrow beams has been confirmed experimentally in QPM
samples, for example, in periodically poled KTiOPO4 共PPKTP兲 which is of principal interest here.12–14 With narrow
incident beams, the SHG tuning response for QPM systems
is very similar, but not identical to that discussed above for
Type I, NCPM, due to the induced walk-off that appears in
the case of propagation away from the NCPM direction. The
effect of QPM near the poling axis can be approximately
illustrated by adding its contribution to the FW index ellipsoid to distort it as shown in Fig. 1.
However, it is known that narrow beams, but with much
higher intensities than typically used for SHG, are used to
generate spatial solitons in quadratically nonlinear
media.15–20 Usually the incident FW is focused onto the in-

Second harmonic 共SH兲 generation 共SHG兲 in particular,
and parametric mixing in general have been very valuable
and versatile techniques for extending the frequency range of
lasers since the early days of nonlinear optics.1 Until the
advent of quasiphase-matching 共QPM兲 in the late 1980s, the
phase-matching techniques used for efficient frequency conversion were either Type I 共one fundamental and one harmonic wave兲 or Type II 共two fundamental and one harmonic
waves兲 in which both orthogonal polarizations participate.2,3
For plane-wave 共very wide兲 input beams there is essentially a
single input wave vector 共␦-function angular distribution兲. In
this limit and for low-conversion efficiency, the relative SHG
response is given by sinc2 (⌬  /2) where ⌬ is the ‘‘phasemismatch.’’ The simplest expression for ⌬ occurs for Type
I and is given by ⌬  ⫽ 关 2k 1 ⫺k 2 兴 L⫽2  关 n 1 ⫺n 2 兴 L/c where
L is the sample length,  is the fundamental frequency, k 1
and k 2 are the fundamental 共FW兲 and harmonic wave vectors, and the n 1 and n 2 are the corresponding refractive indices. That is, phase-matching occurs when the index ellipsoids for the FW (n 1 ) and SH (n 2 ) intersect 共called ‘‘critical
phase-matching,’’ CPM兲, or just touch 共‘‘noncritical phasematching,’’ NCPM兲. The sinc2 response is distorted for nonnegligible harmonic generation with the width of the principal maximum narrowing and the sidebands increasing in
intensity and collapsing towards ⌬⫽0.4 Experimental measurements over the years of the SHG efficiency versus phase
mismatch for relatively wide beams have confirmed these
well-known forms for the tuning curves.5,6
Narrow 共finite width兲 beams have a distribution of incident wave vectors and the local intensity varies with position
in the sample. This distorts and broadens the sinc2 response.
The optimization of the SHG 共or parametric mixing兲 rea兲
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FIG. 1. Cuts of the index ellipsoids in the X-Y plane for the Z-polarized FW
and SH. The dashed line is meant to simulate approximately the effect of the
nonlinear QPM grating on phase-matching. 共a兲 is for temperatures below
T PM , 共b兲 is at the phase-matching temperature, and 共c兲 T⬎T PM .

put surface of a doubling crystal with parameters near a
phase-matching condition. It is well-known in nonlinear optics from the structure of the nonlinear polarization that wave
mixing always leads to a nonlinearly generated beam that is
narrower in space than the input beams being mixed. This
beam narrowing also occurs for both the SH and FW via
up-conversion 共⫹→2兲 and down-conversion 共2→兲, respectively, leading to a progressive narrowing of
both beams.21,22 In addition, cascading which produces nonlinear phase shifts due to the differential phase velocity of
the waves away from phase matching also contributes to
beam focusing for ⌬k⬎0, and to defocusing for ⌬k⬍0.22,23
Nevertheless, it is important to stress that finite beams do not
carry a single wave vector, but rather a set of wave vectors
given by the corresponding Fourier plane-wave expansion.
Therefore, for a finite beam the nominal value of ⌬k measures the wave-vector mismatch along only one of the wave
vectors present. Therefore, when ⌬k⫽0 the ‘‘additional’’
wave vectors are not phase matched, and thus cascading does
occur at ⌬k⫽0, too. Notice also that for high-input peak
powers, the hypothesis of very low SH required does not
hold, and thus the simple concept of self-focusing and selfdefocusing mentioned above must be taken with caution. In
particular, self-focusing does occur at ⌬k⬍0 under appropriate conditions, typically associated with a large SH.
When beam narrowing processes are balanced by the
diffraction of both beams, a quadratic soliton is generated.
For beams with 20 m waists, and nonlinearities of order 10
pm/V, intensities of a few GW/cm2 are typically required to
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generate solitons. These values are in a different 共orders of
magnitude higher兲 regime than those used previously for
SHG and hence the SHG tuning response can be quite different. In fact the length scaling parameters important in this
limit differ from those for the usual SHG. For example, the
parametric gain length replaces the actual sample length as
the parameter that determines bandwidth, etc. Furthermore,
in CPM geometries, walk-off between the fundamental and
harmonic beams frequently occurs, further adding to the distortion that a beam can experience. Thus nonlinear interaction effects involving the second-order nonlinearity such as
nonlinear beam narrowing, cascading, soliton generation,
and walk-off can all play key roles, sometimes competing, in
changing the shape of the interacting beams. In turn, they
affect the net SHG.
Quadratic spatial solitons have already been observed in
the periodically poled doubling crystal LiNbO3 , namely,
PPLN, in which the lowest measured soliton threshold of 1.5
GW/cm2 was reported.19 However, the question of the SHG
tuning from phase match in the intensity regime associated
with soliton generation has only been addressed experimentally by Schiek and coworkers in the specific case of
titanium-indiffused lithium niobate optical channel
waveguides with nonuniform wave-vector mismatches along
the waveguide.24 In fact SHG with input intensities of 10 s of
GW/cm2 have been used to study periodically poled KTP,
PPKTP, but no SHG tuning curves, or soliton generation
were reported.12 In this paper, we investigate experimentally
the SHG response curves for periodically poled KTP at
multi-GW/cm2 input intensities. We show large asymmetries
in the tuning curves with temperature 共equivalent to wavelength兲 and incidence angle for narrow input beams and
identify several features in both the output beam profiles and
tuning curves. Measured beam shapes at the output were
found to be very useful in interpreting the mechanisms that
are active. All of the experimental results are in good agreement with theoretical trends based on the usual coupled
mode equations.
II. EXPERIMENTAL DETAILS

KTP is a biaxial ferroelectric crystal which can be made
NCPM via QPM for propagation along the crystal’s X axis.
The samples were fabricated at Soreq 共Israel兲 using the lowtemperature poling technique.25,26 Periodic poling to reverse
the direction of the nonlinearity along the Z axis utilizes the
d 33 coefficient reported to be 16.9 pm/V ⫾10% in bulk
crystals.27 Various implementations of the Soreq bulk PPKTP
samples to SHG yielded effective QPM values of d eff
(⫽2d33 /  ) of 9.5 pm/V which corresponds to a d 33
⫽14.9 pm/V. 28 –31 For a poling period of 8.99 m, phase
matching is calculated for a 1064 nm fundamental beam input to occur around 40 °C from the published data on refractive index.31,32 The sample was 1 cm long and the width and
thickness of the PPKTP were 4.5 and 0.5 mm 共along Z兲,
respectively. The measured SHG bandwidth was 0.2 nm, in
good agreement with theory and an indication that phase
matching is realized over the full length of the crystal.29 In
SHG experiments on similar samples, maximum intensities

8854

Katz et al.

J. Appl. Phys., Vol. 93, No. 11, 1 June 2003

da 2
⫹i 冑 0 a 21 exp关 i⌬kz 兴 ⫽0,
dz
with solutions given by,5,33

⫽

冉

冊

⌫L 4
P 2共 L 兲
⫽ v 2b sn 2
,v ,
P 1共 0 兲
vb b

with
v b⫽

FIG. 2. Measurement setup.

have been as high as a few MW/cm2 and have produced
large conversion efficiencies 共up to 60%兲 for 280 m beam
waist diameters (1/e 2 ) at the crystal.29
The experimental system used is shown schematically in
Fig. 2. The laser source was an EKSMA Nd:YAG laseramplifier combination which produced 100 mJ pulses 共of
which a few J were used in the experiments兲, duration 25 or
50 ps 共selectable兲 at 10 Hz. The 10 mm diameter amplifier
rod operates in the ‘‘under-filled’’ regime and ensures a truly
quasi-Gaussian beam spatial profile rather than the ‘‘flat top’’
typical of overfilled rods. As a result the output beam from
the laser was highly cylindrically symmetric, and was improved even further by spatial filtering. The measured M2
was 1.1–1.2. The full width at half maximum spectral bandwidth was measured to vary from 0.11 to 0.14 nm, about a
factor of two smaller than the SHG bandwidth.
The Z polarized 1064 nm beam was focused by lenses to
minimum beam waists w 0 ⫽40 共for approximating the plane
wave limit兲 and ⬃16 m 共for the narrow beam experiments兲,
as measured by the knife-edge method. Most of the experiments were done with a minimum waist of 16.4 m which
gives 7.5 diffraction lengths of propagation along the X axis.
Normally the crystal’s input facet was placed at the position
of the minimum beam waist, the usual geometry for exciting
spatial solitons. The largest intensity input into the crystal
was ⬃50 GW/cm2 with no visible damage observed over
either the short or long terms. The individual beams emerging from the back face of the crystal were directed onto a
camera and a detector to measure their pulse energy and
spatial distribution.
III. THEORETICAL BACKGROUND

In the absence of diffraction, i.e., for continuouswave plane waves, the coupled mode equations which describe the interaction between copolarized fundamental
and
second
harmonic
(FW⬀a 1 exp关i(t⫺k1z)兴)
(SH⬀a 2 exp关i(2t⫺k2z)兴) fields under conditions of noncritical phase matching are well-known:32
da 1
⫹i 冑 0 a *
1 a 2 exp关 ⫺i⌬kz 兴 ⫽0,
dz

1
⫹ 冑1⫹ 共 ⌬k/4⌫ 兲 2 ,
⌬k/4⌫

⌬k⫽2k 1 ⫺k 2 is the wave-vector mismatch, ᐉ pg ⫽⌫ ⫺1
⫽ 冑 0 P 1 (0) is the normalized parametric gain length,  0 is
the normalized conversion efficiency 共in units of W⫺1 cm⫺2兲,
L is the crystal length, and sn is a Jacobi elliptic function. In
the limit of weak SHG this expression simplifies to the wellknown  ⫽ P 1 (0)  0 L 2 sin c2(⌬kL/2).
When augmented to include diffraction and the periodic
sign reversal of the quadratic nonlinearity induced by the
periodical poling, the equations can be written in the form34

再
再

冎
冎

i

a1
2
2
1
⫺
⫹
a ⫹⌫a 1* a 2 exp关 ⫺i⌬kz 兴 ⫽0,
 z 2k 1  y 2  x 2 1

i

a2
2
2
1
⫺
⫹
a ⫹⌫a 21 exp关 i⌬kz 兴 ⫽0,
 z 2k 2  y 2  x 2 2

where ⌬k⫽2k 1 ⫺k 2 , ⌫ changes sign periodically along the
(2)
(2)
(2)
poling axis with period ⌳, 兩 ⌫ 兩 ⬀d eff
, and d eff
⫽2d33
/  . For
propagation on-axis 共i.e., temperature tuning兲, the nonlinearity varies periodically along the propagation direction, hence
⌫⫽⌫(z); for propagation off-axis 共i.e., angle tuning兲 the
nonlinearity varies also along the transverse coordinate, thus
⌫⫽⌫(x,z). For propagation along the poling axis, if the
contribution of the QPM is added to the fundamental’s refractive index surface, the cuts of the index surfaces which
correspond to phase-matching in the crystal’s X-Y plane are
shown in Fig. 1. These equations describe the universal interaction between the FW and the SH in the absence of loss.
Included are the effects of mutual beam narrowing due to the
exchange of photons between the two beams and cascading.
Beam narrowing occurs for all nonlinear wave mixing processes and has a simple origin in the SHG case. Assume that
the fundamental field is a Gaussian of the form
exp关⫺r2/w20兴. Since the harmonic that is generated is
proportional to a 21 , its spatial width is proportional
to exp关⫺2r2/w20兴, i.e., its width is w 0 / 冑2, narrower than
the fundamental. Similarly, down-conversion 共2⫺→兲
involves the generation of the fundamental via
a 2 a 1* ⬀exp关⫺3r2/w20兴, i.e., also leads to beam narrowing.
Therefore both the fundamental and harmonic are narrowed.
In addition, changes in the beam profile due to cascading
have a similarly simple origin. For ⌬k⫽0, the two waves,
harmonic and fundamental, travel at different phase velocities. Thus the fundamental field returning to the fundamental
from the harmonic via down-conversion is not in phase with
the unconverted fundamental and hence either retards or advances its phase. Far off phase matching, this induces an
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FIG. 3. Effect of decreasing the input beam width on SHG tuning curves at
low powers. Solid lines: w0 ⫽97  m and input power of 0.04 W 共270
W/cm2兲; dashed lines: w0 ⫽18  m and 1.12 W 共0.22 MW/cm2兲. To avoid
confusion between experimental data taken with pulsed light and cw numerical simulations, throughout the paper the former are given in terms of
peak intensity and the latter are always given in power.

effective  (3) which in the limit of plane waves can be expressed as an effective nonlinear refractive index coefficient
n 2 (⌬n⫽n 2 I) as35,36
n 2,eff⫽

 关  共eff2 兲 兴 2
关 1⫺cos共 ⌬kz 兲兴 ,
2 ⑀ 0 cn 4 ⌬k

so that at this low-depletion, plane-wave limit self-focusing
of the fundamental occurs for ⌬k⬎0 and self-defocusing for
⌬k⬍0. As mentioned above, it is worth stressing here that

FIG. 4. Tuning curves for SHG obtained by temperature tuning around the
low-intensity phase-match temperature 共42.7 °C兲. 共a兲 Input intensity of 11
KW/cm2 for two different input beam widths. 共b兲 1–0.02, 2–2.0, 3– 6.1, and
4 –12.0 GW/cm2.
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FIG. 5. Calculated continuous-wave SHG tuning curves for temperature
detuning from phase-match, with and input beam of 18 m, and a crystal
length of 10 mm for different input intensities. Solid lines: cw simulations
for 1.12 W 共0.22 MW/cm2兲. Filled circles: cw simulations for input powers
of 共a兲 0.45 KW 共88 MW/cm2兲, 共b兲 2.8 KW 共550 MW/cm2兲, and 共c兲 13.5 KW
共2.6 GW/cm2兲. In 共d兲, the results of 共3⫹1兲 spatiotemporal simulations for 20
ps pulses are compared with the cw 共2⫹1兲 case for the input power 2.8 KW
共550 MW/cm2兲.

this simple picture has to be used with caution with focused
beams and in the presence of an intense SH signal, when,
e.g., self-focusing does occur at a negative wave-vector
mismatch.37– 43
The above equations can be used for calculating and
optimizing the SHG efficiency for beams of arbitrary width,
or the properties of quadratic solitons. However the fields
exhibit different properties in the low-depletion and soliton
limits.7,8,37– 44 For efficient SHG on phase match the two
fields are /2 out of phase and energy flows from one field
into the other with distance.2,3 Off phase match, the relative
phase between the fields rotates with distance and there is a
periodic energy exchange between the fields. For quadratic
solitons, the amplitudes and relative phases of the two field
components, a 1 (FW) and a 2 (SH), are both constant with
distance, irrespective of the initial wave-vector mismatch
共which is defined in the linear or low-intensity limit兲.36,37
Despite the fact that a stationary soliton requires a SH component, in almost all of the soliton generation experiments
reported to date, only the fundamental is input into the crystal and initially the SH field grows out of phase with the
FW.15–20 However, because the solitons are the modes of the
nonlinear medium at sufficiently high intensities and appropriate beam widths, this combination of fields evolves over
distance into a soliton.38 The excess harmonic and fundamental energy is radiated away. However, the process is typically slow, so that significant radiation fields are attached to
the solitons during several parametric gain and diffraction
lengths.45 However, any SHG experiment can ultimately lead
to soliton generation in the appropriate range of input parameters, primarily the beam width and its intensity.
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FIG. 6. SHG pulse energy efficiency vs input fundamental intensity at the
QPM temperature ⬃42.7 °C.

IV. TEMPERATURE TUNING MEASUREMENTS

Numerical modeling of the coupled mode equations was
used to qualitatively study the variation in the tuning curves
with input beam width and input power for a qualitative
comparison with the experiment. Notice that a precise quantitative comparison requires full spatiotemporal simulations,
not performed here, to take into account for the pulsed pump
conditions. At the negligible depletion regime 共i.e., in the
conditions of this paper, in the MW/cm2 range兲, a factor that
averages the pulsed pump conditions can be introduced.
However, in the soliton regime pulsed beams can undergo
complex spatiotemporal dynamics, making such averaging
incorrect. A comprehensive quantitative spatiotemporal study
fall beyond the scope of this article, where we focus on the
experimental observations, while continuous wave simulations are intended to capture the main trends. Typical situations are shown in Fig. 1共a兲 for T⬍T PM , in Fig. 1共b兲 for T
⫽T PM , and in Fig. 1共c兲 for T⬎T PM . The detuning results
for cw excitation are shown in Fig. 3. The calculated tuning
curve evolves with decreasing beam width from the classic
sinc2 response for plane waves to an asymmetric one with
stronger SHG on the side corresponding to ⌬k⬎0. The sig-

nificant wave-vector spread associated with the narrower
beam leads to the asymmetry observed, as discussed in the
introduction and reported previously in the literature.12–14
Experimentally, the phase-matching temperature was determined first by measuring the SHG response for a low-input
intensity and a relatively wide fundamental beam (w 0
⫽40  m, 1.16 diffraction lengths of propagation in the crystal兲. This result, along with that for a 16.4 m beam is shown
in Fig. 4共a兲. Despite the fact that pulsed lasers were used, the
cw trends predicted numerically were reproduced in the
experiment.
Numerical results for the cw tuning curves were also
obtained for increasing input intensity, Figs. 5共a兲–5共c兲. The
response curves broaden with increasing intensity, taking on
multipeak structures with no apparent residual of symmetry
left. In Fig. 5共d兲, time averaging over a temporal pulse is also
implemented to investigate the deep minimum due to downconversion found in the cw case right on phase match in Fig.
5共b兲. In selected full spatiotemporal simulations that were
performed, the corresponding temporal averaging caused the
minimum to no longer exist and in general one would not
expect sharp maxima or minima to occur. In good agreement
with theory, all semblance of the well-known tuning response disappears when the input intensity is raised to the 1
to 20 GW/cm2 range, as shown in Fig. 4共b兲. The SHG peak
shifts to lower temperatures 共to approximately 41 °C兲, a wellknown feature for this case.7,8 Furthermore, the response
curves broaden and the multiple peak structure becomes progressively more pronounced.
The interpretation of this high-intensity SHG response
requires examining many factors including the output beam
structure, and the net conversion to SH. Consider first the
case of phase matching 共42.7 °C at low-input intensity兲. The
conversion efficiency to second harmonic and the beam profiles for increasing intensity are shown in Figs. 6 and 7,
respectively. The fractional conversion of the input energy
into second harmonic peaks at 48% around 2 GW/cm2 of
fundamental input intensity, and then decreases with further
increase in input intensity to 1/2 of the peak value at 20

FIG. 7. Fundamental 共upper兲 and second harmonic 共lower兲 output beam profiles for different input intensities on phase-match.
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FIG. 8. Total throughput pulse energy for FW⫹SH vs input FW energy at
phase-match 共42.7 °C兲.

GW/cm2, as shown in Fig. 6. From Fig. 7, it is clear that
significant narrowing of the fundamental and harmonic begins to occur around a GW/cm2, essentially coincident with
the maximum SHG efficiency. Note also that distortions
away from cylindrical symmetry of the SH beam occur despite our best efforts to input cylindrically symmetric
beams—for example, the very low-input intensity profiles
appear quite symmetric. The threshold for soliton generation
is a quantity difficult to measure, as it depends on a number
of parameters nonreadily accessible 共e.g., because of the
pulsed pump conditions, spatial trapping might occur at the
peak of the pulse, while diffraction occurs at the wings; as a
result, the energy measurements are for an overall broad spatial beam, and thus do not reveal the actual formation of a
spatial soliton at the pulse peak46兲. An overestimated measure 共see Ref. 47兲 of the threshold is given by the input peak
power at which the output beam width coincides with the
input value. In our samples and input light conditions 共e.g.,
we used input beams with Gaussian beam quality factors M2
in the range 1.1–1.5兲, such threshold occurs in the range
⬇3.0–5.0 GW/cm2 and, as shown in Fig. 7, the soliton dominates the output profile for further increase in intensity.
Above 13–15 GW/cm2 several solitons appear at the output.

Katz et al.
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Finally we note from Fig. 8 that there are significant 共20%兲
nonlinear losses occurring for intensities above input intensities of 10 GW/cm2, presumably due to two-photon absorption of the 532 nm component of the soliton. A similar effect
has been reported previously in PPKTP at similar input
intensities.12
Two-photon absorption is not the only important SHG
limiting mechanism. Clearly it is the narrowing of the beam
into a soliton 共1–5 GW/cm2兲 that also limits the conversion
from the fundamental into the harmonic. Note that this narrowing is accompanied by a phase change between the two
fields so that when solitons are finally generated the two
fields are approximately in phase instead of /2 out of phase,
which is the case for the usual SHG on phase match 共notice
that in the case periodically poled materials, there is a QPMinduced, overall additional /2 phase shift,11 not included in
this analysis兲. It is easy to show that in phase fields do not
exchange energy efficiently. From the coupled mode equations, replacing a/z by ⌬a/⌬z on phase match gives ⌬a 2
⬀⫺ia 21 and ⌬a 1 ⬀⫺ia 2 a 1 . The factor ‘‘i’’ means that the
⌬a 1 and ⌬a 2 are always orthogonal 共i.e., /2 out of phase兲
to a 1 and a 2 which leads to a nonlinear rotation of the phase
of the two fields and not to net energy exchange between
them.48 Therefore, the SHG efficiency is limited by the ratio
of the harmonic to the fundamental in a soliton since the field
amplitudes no longer change with propagation distance due
to the stationary nature of solitons, i.e., the fraction of SH in
the soliton is fixed. The ratio of SH to FW increases sublinearly with increasing soliton peak intensity. Furthermore the
soliton generation process does not necessarily become more
efficient with increasing fundamental intensity. The combination of these two effects impacts the fraction of energy
converted into SH and affects the shape of the tuning curves.
Shown in Figs. 9 and 10 are a collection of FW and SH
output beam profiles at different intensities for two temperatures displaces to opposite sides of the phase-matching temperature. Here, ‘‘cascading’’ also plays a role. On the positive
wave-vector mismatch side (T⬍T PM), and soliton generation is obtained for an input intensity similar to that on phase

FIG. 9. Fundamental 共upper兲 and second harmonic 共lower兲 output beam profiles for different input intensities at 36.7 °C, T⬍T PM .
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FIG. 10. Fundamental 共upper兲 and second harmonic 共lower兲 output beam profiles for different input intensities at 47.7 °C, T⬎T PM .

match. For negative wave-vector mismatch, however, a soliton is much difficult to obtain. These results are in qualitative
agreement with previous measurements on soliton threshold
intensity with fundamental beam inputs only.15,41– 43 This is
in agreement with the well-known increase in soliton threshold for negative ⌬k, and the similar behavior for the ideal
soliton content of an incident fundamental beam, shown in
Fig. 11 which is skewed to the ⌬k⬎0 side.
Finally we thus conclude that the details of the tuning
curve are a consequence of the complex interplay between
many phenomena such as the beam narrowing, cascading,
soliton generation, relative phase between the fields 共in phase
for solitons兲, etc. Further complications arise in the presence
of temperature, hence wave vector gradients along the
sample.24

high intensities for cw inputs. The results, which as above
are only intended to show qualitative trends, are shown in
Fig. 12. For T⫽T PM this corresponds to the situation in Fig.
1共b兲. Since the z axis is a symmetry axis, one expects the
tuning curves to be symmetric about the x axis. Off axis the
tuning corresponds to ⌬k⬍0. Note that there is walk-off
associated with this geometry due to the QPM wave vector
not being collinear with those of the fundamental or
harmonic.11 The SHG tuning response is strongly broadened
at the phase-matching temperature due to the high intensity
assumed, as discussed above.

V. ANGLE TUNING

The two principal cases of interest for angle tuning, i.e.,
for T⫽T PM and T⬍T PM were investigated numerically at

FIG. 11. Calculated soliton content 共namely, the fraction of power carried
by the soliton divided by the total input power兲 for fundamental only excitation vs temperature, for ideal conditions of continuous-wave pump light
with a spatial Gaussian shape, no losses, and infinite sample lengths. The
dashed line corresponds to exact phase-matching. Open circles: 0.9
GW/cm2; filled circles: 1.75 GW/cm2; and squares: 4.4 GW/cm2.

FIG. 12. Calculated angle tuning SHG response for continuous-wave excitation for T⫽T PM , T⬍T PM and different input intensities. The beam width
was fixed to 18 m, and the crystal length to 10 mm. In 共a兲, low-input
power of 0.46 W 共90 KW/cm2兲; filled circles, T⫽T PM and open circles, T
⬍T PM . In 共b兲, T⫽T PM ; filled circles: low input powers of 0.46 W 共90
KW/cm2兲; open circles: high powers of 1.14 KW 共225 MW/cm2兲. In 共c兲,
T⬍T PM ; filled circles: low-input powers of 0.46 W 共90 KW/cm2兲; open
circles: high powers of 5.5 KW 共1 GW/cm2兲; filled squares: high powers of
18.3 KW 共3.6 GW/cm2兲.
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FIG. 13. SHG tuning curve vs incidence angle in the X-Y plane at 42.7 °C
(T⫽T pm). 0° angle corresponds to phase-match. 1–0.02, 2–0.2, 3–2.0,
4 – 6.1, and 5–19.7 GW/cm2.

Experimentally we investigated the SHG tuning curves
when the incidence angle is tuned in the X-Y plane of the
crystal at the phase-matching temperature. The most salient
feature observed in Fig. 13 is the intensity-dependent broadening associated with strong nonlinear beam focusing effects
for sample lengths longer than the parametric gain length.
This is in agreement with the trends predicted in Fig. 12.
Note that the largest changes occur near the soliton threshold
where the beam collapse is a dominant effect, and that at
higher intensities the response stabilizes. A similar stabilization was found in the temperature tuning results subsequent
to soliton formation.
At room temperature, the situation for index matching is
shown in Fig. 1共a兲. For T⬍T PM , corresponding to Fig. 1共a兲,
two phase-matching peaks, symmetrically displaced around
the x axis, are predicted with almost a constant SHG efficiency between them. Experimentally, decreasing the width
of the input beam leads to asymmetry about a phasematching peak, as shown in Fig. 14. The angle region between the two peaks corresponds to ⌬k⬎0, and outside the
peaks to ⌬k⬍0. In keeping again with previous measure-

FIG. 14. Angle tuning near the phase-match condition 共⫽8.8°兲 at room
temperature. The solid line is for a w0 ⫽40  m and the dotted line for w0
⫽16  m.

8859

FIG. 15. SHG detuning curves at room temperature for different fundamental input intensities. 1–0.02, 2–0.9, 3– 6.45, and 4 –12.9 GW/cm2.

ments of soliton thresholds and the predictions of soliton
content for fundamental wave excitation, solitons were easily
excited for ⌬k⬎0. For ⌬k⬍0, soliton excitation required
progressively more input intensity.
The intensity dependence of the tuning curves is shown
in Fig. 15. Both a clear broadening with increasing intensity
and a stabilization of the curves for intensities above the
soliton threshold are observed. Here all three effects known
to affect the beam profiles are active, i.e., beam narrowing,
cascading, and walk-off. The evolution of the output beam
profile at a number of representative input intensities is
shown in Fig. 16. Here the QPM-induced walk-off angle in
the X-Y plane is 0.27 degrees, external angle. It is wellknown from previous work in regimes with walk-off that at
sufficiently high intensities the two beams ‘‘lock’’ together to
form a soliton and propagate in the same direction in
space.15,49,50 The locking is clear at intensities above ⬇5
GW/cm2 where the two beams propagate together and their
direction appears to become stable based on measurements
shown in Fig. 16. 共The slight artificial displacement between
the FW and the SH in the pictures is an experimental artifact.兲 Especially interesting is the second peak which appears
at ⬇9.9°, at higher angles than the original phase-matching
peak 共8.84°兲. The two peaks have an equal SHG efficiency
over a limited range of input intensities. Such a sharp minimum between the peaks was not expected due to the smoothing effects caused by time averaging of the temporal pulse
profiles. This angular region was explored at an input intensity of ⬇10 GW/cm2 at which the second peak just occurs.
Shown in Fig. 17 are output beam profiles as the angle is
tuned through these two peaks. At the minimum between the
two peaks, both the FW and SH energy are split into two
fragments, one of which appears to be a distorted soliton. At
the two peaks, the beams are both still distorted although the
energy is more localized than in the minimum.
VI. SUMMARY

We have experimentally investigated the SHG tuning
curves in PPKTP at input intensities comparable to those
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FIG. 16. Various output beam profiles, upper FW and lower SH, on the phase-matching peak 共8.84°兲 for angle tuning at room temperature.

needed for quadratic soliton excitation. The mutual beam
narrowing of the fundamental and second harmonic was
found to strongly impact the SHG efficiency. The SHG efficiency peaks at intensities for which beam narrowing is large
and at higher intensities the SHG decreases with input intensity due primarily to the formation of solitons from fundamental only inputs. The situation becomes more complex for
temperature tuning, but with propagation still along the QPM
axis. The cascading effect, together with the wave-vector dependence of the soliton threshold, lead to additional asymmetries in the tuning curves. The most striking effect, however, is an intensity-dependent broadening of the tuning
curves and the appearance of strong modulation of the SHG,
especially on the negative wave-vector mismatch side where
it is accompanied by large beam distortion. Angle tuning
with ⌬k⬎0 on the X axis was further complicated by the
presence of QPM-induced walk-off between the fundamental
and harmonic. The beam distortion now occurred primarily
in the plane in which walk-off occurred. Such walk-off was

FIG. 17. Various output beam profiles, upper FW and lower SH, on the
original phase-matching peak 共8.84°兲, the secondary peak 共9.36°兲, and in the
minimum between the two peaks 共9.18°兲 for angle tuning at room temperature. The fundamental input intensity is 9.7 GW/cm2.

found to lead to distortion of the soliton profiles even at input
intensities higher that that associated with the soliton
threshold.
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